Staphylococcus aureus is a highly successful human pathogen that has evolved in response to human immune pressure. The common USA300 methicillin-resistant S. aureus (MRSA) strains express a number of toxins, such as Panton-Valentine leukocidin and LukAB, that have specificity for human receptors. Using nonobese diabetic (NOD)-scid IL2Rγ null (NSG) mice reconstituted with a human hematopoietic system, we were able to discriminate the roles of these toxins in the pathogenesis of pneumonia. We demonstrate that expression of human immune cells confers increased severity of USA300 infection. The expression of PVL but not LukAB resulted in more-severe pulmonary infection by the wild-type strain (with a 30-fold increase in the number of colony-forming units/mL; P < .01) as compared to infection with the lukS/F-PV (Δpvl) mutant. Treatment of mice with anti-PVL antibody also enhanced bacterial clearance. We found significantly greater numbers (by 95%; P < .05) of macrophages in the airways of mice infected with the Δpvl mutant compared with those infected with the wild-type strain, as well as significantly greater expression of human tumor necrosis factor and interleukin 6 (84% and 51% respectively; P < .01). These results suggest that the development of humanized mice may provide a framework to assess the contribution of human-specific toxins and better explore the roles of specific components of the human immune system in protection from S. aureus infection.
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Staphylococcus aureus is a well-recognized human pathogen associated with infection in diverse hosts; it is an important cause of healthcare-associated infection but also a major cause of morbidity and mortality in healthy patients with no factors predisposing them to infection. Nasal colonization with S. aureus is associated with subsequent infection and occurs in up to 30% of unselected individuals [1, 2] . Yet, despite the prevalence of S. aureus in the general population, the specific correlates of protective immunity against staphylococcal infection are not well defined.
A number of S. aureus virulence factors, including several bicomponent toxins, are specific for human receptors [3, 4] . One of the first of these human-specific toxins to be fully characterized was Panton-Valentine leukocidin (PVL), which targets neutrophils, macrophages, and monocytes [5, 6] . Although epidemiologically linked to severe infection in humans [7, 8] , the PVL null mutant (lukS/lukF) did not consistently demonstrate the expected phenotype in murine models [5, [8] [9] [10] [11] [12] [13] , although it was significantly attenuated in rabbit models of pneumonia [5] . The molecular basis for this discrepancy was ascribed to the high human (and rabbit) specificity for the PVL receptors, C5aR and C5L2 [14] . Additional toxins, LukAB and HlgCB, have also been shown to have high specificity to the human forms of the receptors, CD11b and C5aR, respectively [4, 14, 15] . These toxins with human receptor specificity are in contrast to those such as α-toxin, which recognizes ADAM-10 on murine cells, as well as human cells [16] .
The recognition that several potentially important staphylococcal toxins only target human cells is not surprising, given the evolution of S. aureus in response to the pressures imposed by the human immune system [17] . The recent development of humanized mice, SCID mice reconstituted with a human hematopoietic immune system [18] , may provide the opportunity to address the significance of the human-specific staphylococcal toxins in the setting of a well-characterized murine model of infection. Particularly in the lung, the activation of multiple inflammatory signaling pathways by S. aureus often results in significant pathology. Exactly which immune cell types are involved and what their functions are in pulmonary defenses are difficult to establish, especially if certain leukocyte populations are targeted by human-specific S. aureus toxins. Recent studies suggest that the resident alveolar macrophage populations are especially important in orchestrating staphylococcal clearance [19] , whereas dendritic cells [20] and even CD4 + T cells have not been found to be essential in murine models of pneumonia [21] . The human-specific bicomponent toxins PVL and LukAB have been associated with activation of the NLRP3 inflammasome [22] [23] [24] . However, the relative contribution of these toxins
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MATERIALS AND METHODS
Please see the Supplementary Materials.
RESULTS

Humanized Mice Express Substantial Numbers of Human Leukocytes in Lung, Blood, and Bone Marrow
Mice expressing human immune cells that confer susceptibility to specific toxins, such as PVL, which targets the C5aR receptors, are expected to have increased susceptibility to S. aureus infection and more-severe pathological findings. To generate humanized mice, we used the nonobese diabetic (NOD)-scid IL2Rγ null (NSG) mouse that lacks B and T cells and functional natural killer (NK) cells and has defective myeloid cells (macrophages and dendritic cells) [18] . NSG mice were reconstituted with a human hematopoietic system through fetal hematopoietic stem cell (CD34 + ) and thymic tissue grafts [18] . At the time of infection, 12 weeks after transplantation, the humanized mice had on average 37% human chimerism (calculated as the percentage of hCD45 + cells among hCD45 + and mCD45 + cells) in the peripheral blood ( Figure 1A and 1B). In the lung, human leukocytes represented 27% of all immune (CD45 + ) cells, while the bone marrow had higher levels, with 63% human chimerism ( Figure 1A and 1B). Success of thymic engraftment was evident in CD3 + cell numbers ( Figure 1C ). CD3 + T cells composed 23% of the total human leukocyte population in peripheral blood. A total of 5% of lymphocytes in the bone marrow were human T cells, while the human lymphocyte population in the lung was 47% CD3 + cells ( Figure 1C ).
Increased Severity of S. aureus Lung Infection in Humanized Mice
Having documented that a substantial proportion of the immune cells in the lung of the humanized mice were of human origin, we predicted that these mice would have more-severe infection than those lacking human immune cells. The capacity of C57BL/6J mice as a standard laboratory strain, humanized, . Unlike the NSG mice, NOD mice are typically hyperglycemic at the age when infected, and therefore bacterial counts should be interpreted with this caveat [25] . To control for the process of humanizing the mice, we also generated murinized mice. These mice were reconstituted with murine bone marrow. The murinized mice had bacterial counts comparable to those of normal C57BL/6J mice ( Figure 1D ) and had significantly fewer bacteria in the bronchoalveolar lavage fluid (BALF) and lung tissue (both P < .001) as compared to the humanized mice. These results suggest that the presence of human immune cells that are targeted by specific toxins confer increased susceptibility to S. aureus infection.
S. aureus Induce Human Cytokine Expression in Humanized Mice
To determine the extent of the participation of the human immune responses to S. aureus in the lung, human cytokine expression was analyzed using a quantitative polymerase chain reaction array ( Figure 2 ). Robust human gene expression induced in response to infection was observed across several different categories. Several cytokines and chemokines associated with T cells were observed, including the CXCR3 chemokines and CXCL9, CXCL10, and CXCL11. Over 400-fold induction of CCL2 was observed, in addition to genes encoding other macrophage chemokines, CCL7 and CSF1, consistent with the recruitment of macrophages into the airway (Figure 2 ). Genes associated with dendritic cells (CCL20 and CSF2), neutrophils (IL8, CCL3, CXCL1, CXCL2, and CSF3), and B cells (CXCL13 and TNFSF13B) were also observed ( Figure 2) . A large number of genes associated with inflammation were also induced upon infection. These included those encoding cytokines in the interleukin 1 (IL-1) family (IL-1α, IL-1β, and IL-1RN), interleukin 6 (IL-6), tumor necrosis factor (TNF), and interleukin 17 (IL-17; Figure 2 ). We also observed induction of the antiinflammatory genes IL20 and IL22 (Figure 2 ). These data indicate there are sufficient human cells in the humanized mouse lung to induce robust human cytokine expression in response to S. aureus infection.
As further evidence that human immune cells confer increased susceptibility to infection in the humanized mouse, Figure 2 . Human cytokine gene expression in humanized mouse lungs in response to Staphylococcus aureus. Humanized mice were intranasally infected with 2 × 10 7 colony-forming units (CFU) of S. aureus USA300 for 24 hours. RNA was extracted from lung tissue homogenate and a quantitative reverse transcription-polymerase chain reaction array of various cytokines and chemokines, comparing uninfected and wild-type (WT) infected mice (n = 3 from 3 independent experiments). Abbreviation: PBS, phosphate-buffered saline.
Humanized Mouse Model of S. aureus Pneumonia • JID • 3 we used interleukin 3 (IL-3)/granulocyte-macrophage colonystimulating factor (GM-CSF) knock-in mice. These mice express human IL-3 and GM-CSF and display improved myeloid cell reconstitution and the development of human alveolar macrophages [26] . There was an 8.8-fold increase (0.35 vs 3.1 × 10 5 CFU/mL; P < .05) of S. aureus in BALF in the knock-in mice, compared with the NSG humanized mice ( Figure 3A) , and a 285-fold increase in bacterial burden in the lung (0.32 × 10 7 vs 9.0 × 10 7 CFU/mL; P < .05; Figure 3B ). This increased bacterial burden was associated with increased protein (as a measure of lung injury) in the BALF ( Figure 3C ). Human cytokine levels were not significantly different between the 2 groups of humanized mice ( Figure 3D ). We observed increased human neutrophil numbers in the IL-3/GM-CSF knock-in mice (3-fold; P < .05; Figure 3E) , as well as an increase in human macrophages (1.7-fold; P = .1; Figure 3E ), consistent with published data. No major changes were observed in the lung ( Figure 3F ). These experiments using the IL-3/GMCSF humanized mice also indicate that an increased number of human immune cells correlates with the increased severity of S. aureus infection.
PVL Expression Contributes to the Pathogenesis of S. aureus Pulmonary Infection
We next examined the contribution of PVL to the pathogenesis of infection in the humanized mice, as several studies have demonstrated a lack of phenotype in the C57BL/6 background [12, 13, 27] . The presence of human immune cells expressing the PVL receptor C5aR [14, 28] , as detected by flow cytometry ( Figure 4A ), should contribute to the pathology associated with infection caused by wild-type (WT) S. aureus but not by lukS-lukF (Δpvl) mutants. We infected the humanized mice with wild-type S. aureus USA300, a lukS/F-PV (Δpvl) mutant, and a complemented strain and observed that the Δpvl strain was cleared more efficiently ( Figure 4B and 4C ). Mice infected with the Δpvl mutant had 57% fewer bacteria in lung tissue (4.5 × 10 7 vs 0.32 × 10 7 CFU/mL; P < .05) than mice infected with WT S. aureus ( Figure 4B) . A similar trend in clearance was observed in the airway fluid (6.6 × 10 5 vs 2.8 × 10 5 CFU/ mL; Figure 4C ). The requirement for the human version of the PVL receptor was further evident when NSG, nonhumanized mice were infected with WT and Δpvl strains of S. aureus. There were no significant clearance differences in the airway or lung tissue between the strains in NSG, nonhumanized mice ( Figure 4D ). The improved clearance of the Δpvl mutant was evident in the substantially less lung consolidation and loss of alveolar airspaces than was associated with infection due to the WT USA300 or the complemented mutant ( Figure 4E and 4F ). Since there are additional S. aureus toxins that target the human C5a receptors [4] , the contribution of PVL itself was confirmed by treating mice with a tetravalent bispecific PVL antibody, which was previously demonstrated to confer protection in a rabbit model of pneumonia [29] , compared with mice treated with vehicle control. Mice treated with PVL antibody but not an IgG control had 76% fewer bacteria in the lung (1.9 × 10 8 vs 0.45 × 10 8 CFU/mL; P < .05) with a similar trend in the airway (5.3 × 10 5 vs 2.3 × 10 5 CFU/mL; Figure 4G and 4H).
PVL Targets the Macrophage Population in Humanized Mice
The types of human and murine immune cells recruited into the infected airways and lung tissue were characterized to determine whether PVL expression selectively targeted specific types of cells. The C5aR receptors are abundantly expressed on myeloid cells but not epithelial cells [30] . Infection with the Δpvl mutant resulted in 95% greater macrophage numbers in the BALF (P < .05; Figure 5A and 5B) as compared to WT infected mice, consistent with the expected PVL toxicity toward macrophages [6] but no difference in numbers of human neutrophils in the airway in WT and Δpvl S. aureus-infected mice ( Figure 5A ). No changes were observed in lung tissue ( Figure 5C ). There were slight decreases in human neutrophil numbers in the bone marrow in mice infected with PVLexpressing strains ( Figure 5D ). Substantially more murine neutrophils than human neutrophils were recruited into the lungs of the infected mice, and more murine neutrophils were found in the mice infected with the Δpvl mutant ( Figure 5E ), despite the presence of >10 5 human neutrophils/mL in the lung tissue and bone marrow ( Figure 5C and 5D ). There were no other significant differences in the types of murine immune cells recruited in response to infection. The improved clearance of the Δpvl strain was associated with greater amounts of human TNF (84% increase; P < .01) and IL-6 (51% increase; P < .01), but not IL-1β ( Figure 5F ) as compared to WT S. aureusinfected humanized mice. In contrast to the human cytokine response, we did not observe any differences in the murine cytokines examined in response to each of the bacterial strains ( Figure 5G ). Thus, the improved outcome from infection associated with the Δpvl strain correlated with the retention of greater numbers of macrophages within the airways and their local cytokine production. We confirmed the lytic effect of PVL on the human myeloid cells by differentiating human macrophages and neutrophils from the bone marrow of the humanized mice. Exposure of human macrophages and neutrophils to S. aureus culture supernatant ( Figure 6A ) harvested from WT but not Δpvl S. aureus led to significant increases in cell death, as indicated by propidium iodide staining ( Figure 6B ) and apparent lysis ( Figure 6C ). This was not evident with murine cells derived from humanized mice bone marrow ( Figure 6B ).
Expression of LukAB Does Not Contribute to S. aureus Lung Infection
To confirm the hypothesis that the presence of human leukocytes confers susceptibility to the human-specific leukotoxins, we compared the clearance of WT and ΔlukAB MRSA. LukAB is a bicomponent S. aureus toxin with specificity for CD11b and targets human neutrophils [15] , as well as monocytes/macrophages by activating NLRP3 [22] and inducing necroptosis [19] . Using the same model of infection in the Δpvl infection of humanized mice, we found no differences in the clearance of WT and lukAB MRSA or in the cell populations recruited ( Figure 7A ) or differences in the populations of human immune cells recruited to the lungs ( Figure 7B ). Thus, for LukAB, in contrast to PVL, its role in the pathogenesis of pneumonia does not correlate with the presence of human leukocytes in the humanized mouse model of infection.
DISCUSSION
S. aureus and especially MRSA is a major public health problem associated with tremendous morbidity and mortality, especially in select patient populations [28] . Despite ongoing intensive efforts, neither vaccines nor antistaphylococcal antibodies have proven effective in preventing S. aureus infection [31] . In many infectious diseases, murine models of infection have been exceptionally useful in defining both the bacterial and host factors critical to successful outcomes [32, 33] , but their limitations, especially their resistance to S. aureus infection, is a well-recognized problem [33] . The recognition of humanspecific receptors for PVL and other leukocidins, such as LukAB and HlgCB [3] , has helped to explain why data generated from murine studies have not been fully applicable to humans. Our data suggest that the humanized mouse can provide insights into the importance of some of these humanspecific toxins, and they provide insights into their targeting of specific human immune cells in the pathogenesis of acute pneumonia.
The severity of many USA300 pneumonias, particularly in light of the increased virulence of USA300 strains [34] and their production of several important toxins, led us to focus on USA300. The evolution of USA300 involved the acquisition of several genetic elements, including PVL [35] , which has remained a controversial virulence factor, owing to its targeting of human cells and the lack of a suitable model to study it [5, [8] [9] [10] [11] [12] [13] . Epidemiological studies in humans have suggested that PVL is linked to severe infection [7, 8, 36] . Methicillin- susceptible S. aureus strains also express human specific toxins, such as PVL, but at a lower overall rate [37] , thus better understanding the role of PVL in infection is an important area of study. Our new data in the humanized mouse model support a role for PVL in the pathogenesis of S. aureus infection.
With the level of chimerism we achieved, the humanized mice were significantly more susceptible to S. aureus infection. These mice enabled us to observe an in vivo role for PVL in the pathogenesis of staphylococcal pneumonia and to identify the macrophage as a critical PVL target. Comparison of 2 different humanized mouse models, the NSG mouse model and the IL-3/ GM-CSF knock-in model that supports human alveolar macrophage development [26] , showed that increased severity of infection overall correlated with levels of human immune cells. However, just as there are substantial strain-specific differences in murine susceptibility to S. aureus infection, different mechanisms of human chimerization are likely to result in different outcomes from infection. Also, direct comparison of the immune response between these mice and humans is not possible because of the production of cytokines from both stromal and immune cells in humans. The humanized mice used in these studies, while having excellent reconstitution of T cells, monocytes, and macrophages, all of which are targets of S. aureus toxins [4, 14, 15, 19, 21] , does not yet fully replicate a functioning human immune system. It has been recognized that neutrophil numbers are not optimal in the peripheral blood of humanized mice, and hence there may be a more limited number of cells to recruit; thus, this is an area to improve in subsequent models [38, 39] .
Analysis of the immune response of the humanized mice to USA300 provided insights into the cell types that are critical in effective clearance of infection. While the importance of neutrophils in the response to S. aureus is well established, PVL targeting of macrophages correlated with the pulmonary pathology due to S. aureus infection, as has been demonstrated in other recent studies [19] . This is also consistent with recent studies that demonstrated that S. aureus induction of murine macrophage necroptosis in the early stages of pneumonia resulted in the loss of the immunomodulatory population of macrophages and contributed to the excessive inflammatory responses associated with S. aureus pneumonia [19] . Macrophages can play both proinflammatory and antiinflammatory roles and thus have many functions within the host [40] . Their loss can prevent proper bacterial clearance [19, 20] , while their signaling cascades can contribute to inflammation and inefficient clearance [19] . Our results from the humanized mice suggest that human macrophages are especially susceptible to PVL-mediated lysis in vivo. Their loss is reflected in this model system by decreased expression of TNF and IL-6, as well as the impaired clearance of staphylococci from the airway. This increased cytokine production would aid in additional immune cell function, in addition to improved macrophage numbers to clear the bacteria in the absence of PVL. We did not observe a difference in human neutrophil numbers, possibly owing to their rapid replenishment as compared to alveolar macrophages. Bacterial clearance also did not correlate with human neutrophil numbers, but they did correlate with human macrophages, further confirming our recent observations in murine models of pneumonia that macrophages contribute to the modulation of the inflammatory response [19] .
Despite the degree of chimerism we achieved, we did not observe a phenotype associated with the expression of LukAB, despite its known affinity for human CD11b. This may be explained by either additional targets that are recognized by this toxin, cellular targets not reconstituted in this model, and/or multiple conflicting effects of the LukAB/CD11b interaction. In a murine model of joint infection, LukAB and α-toxin were expressed together in biofilms, facilitating S. aureus growth and suppression of macrophage function [41] , suggesting activity toward murine macrophages. However, single lukAB mutants have been shown to have a phenotype in a mouse renal abscess model [42] but not in models of bacteremia or rabbit skin and abscess formation [43] . LukAB is also recognized to activate the NLRP3 inflammasome, which can be associated with airway damage and decreased clearance of S. aureus [22, [44] [45] [46] . Thus, despite our increasing understanding of how these human toxins interact with their receptors, there are likely additional interactions that are highly relevant to human infection that remain to be identified.
Previous studies have used humanized mice to study different aspect of S. aureus pathogenesis. One study examined the role of PVL in skin infection. This study used a neonatal model of humanized mice, whereby pups are transferred with CD34 + cells without irradiation and thymic transplantation [47] . They too achieved high engraftment rates and saw a predominance of T lymphocytes over myeloid cells in the spleen. Subcutaneously infected humanized mice were more susceptible to infection, requiring a lower dose to achieve lesion sizes analogous to those in a standard C57BL/6J mouse [47] . Inactivation of PVL led to reduced lesion sizes but no changes in bacterial burden, and the nature of the immune cells involved in clearance was not defined. A sepsis study that relied on intraperitoneal injection observed increased mortality due to strain PS80 of S. aureus in humanized mice as compared to controls [48] . Like the previous study, this report also used neonatal mice that were transferred with CD34 + cells, but chimerism data do not exist for uninfected mice in various organs. This study demonstrated increased levels of T-cell activation, apoptosis, and Fas receptor expression in the humanized mice but did not identify a role for any human specific toxins [48] . Given the difficulties in development of an antistaphylococcal vaccine based on efficacy in murine models, these studies together suggest a potential role for humanized mice in predicting vaccine efficacy. Further studies to document adaptive and innate immune responses to S. aureus in the humanized mice may provide important insights into the nature of an effective immune response against this versatile pathogen.
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